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Abstract—This paper presents the development of a method for 
quantitatively determining the potential impact that the design of 
a single generator may have upon the performance of power 
system under fault conditions.  Initially it is illustrated that the 
impact that a single generator may have on network fault 
behaviour is limited by the configuration of the existing network 
to which the new generator is connected.  These constraints are 
then used to develop a quantitative measure of variability in 
network-wide fault currents and the subsequent voltage 
disturbances that can be produced under balanced fault 
conditions by changing the design of a new generator, irrespective 
of its point of connection.  Finally comparisons with the observed 
variation in network fault behaviour obtained from the simulation 
in PSS/E of a realistic 600-bus transmission network are used to 
demonstrate the technique’s apparent effectiveness. 
 
Index Terms-- Overvoltage, PowerformerTM, Power generation 
planning, Power system faults, Short circuit currents 
I.  NOMENCLATURE 
k – location (bus) of balanced three-phase bolted fault 
m – point of connection of the new generator 
l – location (bus) at which voltage disturbance produced by 
balanced three-phase fault is assessed 
II.  INTRODUCTION 
HE design and location of a new generator may have a 
significant impact upon the fault behaviour of an 
established power system to which the new generator is 
connected.  Extensive fault studies are required to verify the 
adequacy of existing interrupting equipment and determine any 
modification of protection settings necessitated by the 
connection of the new generator [1].  The cost of any required 
system alterations must be included in an assessment of the 
cost effectiveness of generator augmentation schemes.  This is 
especially important when considering novel generator designs 
such as PowerformerTM, the high voltage generator developed 
by ABB corporate research in 1997 [2].   
PowerformerTM is able to generate electricity at transmission 
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voltage levels and can inject power directly into the 
transmission network without need for a step-up transformer. 
 
 
 
Fig 1. Comparison of PowerformerTM and conventional generator [3] 
 
Given the reliance of network fault behaviour upon 
generator design, as highlighted in [4], it would then be 
expected that, under balanced fault conditions, the behaviour 
of a power system containing a new directly connected 
generator could be significantly different to that of a 
comparative network containing a new conventional generator.  
In order to illustrate the impact of the differences in generator 
design, the extent to which a given generator controls network-
wide fault behaviour first must be clearly established. 
The purpose of this paper is to outlines the development of a 
technique allowing the quantitative comparison of the 
potential variation in network behaviour under balanced fault 
conditions that can be produced by the connection of single 
new generator to an existing power system.  The magnitude of 
the potential variation in fault behaviour provides a good 
indication of the extent to which the new generator controls 
fault behaviour for the specific combination of generator 
position - fault location considered.  Although this technique 
was developed specifically for comparison of conventional and 
directly connected generators [5], the technique can be applied 
to general comparison of generator design. 
  After initially examining the manner in which generators 
are modelled under fault conditions, it is then shown that the 
range in fault behaviour variation that can be produced by 
altering the design of the new generator is constrained by the 
configuration of the network to which the new generator is 
connected.  These constraints are used to develop a 
quantitative measure of the potential variability in network 
fault behaviour characterized by both the balanced three-phase 
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 fault currents and the subsequent network-wide voltage 
disturbance produced by a given fault.  The technique is 
extended to allow direct quantitative comparison of network 
behaviour for different locations of the new generator.  Finally 
the method is verified by simulating the fault behaviour of 
realistic 600-bus power system in which a new generator has 
been added using the power systems analysis software PSS/E1. 
III.  NETWORK REPRESENTATION 
In this investigation, network fault behaviour was 
characterised using quasi-steady state fault analysis techniques 
as described in [1, 6].  The addition of a new generator to the 
existing power system can be represented as shown in Fig 2. 
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network
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Fig 2 Connection of generator to existing power system 
 
Zp represents the fault impedance of a directly connected 
generator such as PowerformerTM while Zg+Zt represents the 
fault impedance of the conventional generator/transformer.  In 
either case the generator is modelled by a single radial 
connection of given fault impedance, denoted by ZG. 
The configuration of the original network to which the new 
generator is connected is described by an impedance matrix.   
The change in network configuration caused by generator 
addition can be determined by applying the appropriate step 
from the impedance matrix construction algorithm described in 
[7].  Kron reduction is then used to produce a modified 
impedance matrix of the general form as shown in (1). 
 
mmG
mlkm
klnewkl ZZ
ZZ
ZZ
+
−=,  (1) 
where Zkl, Zkm and Zml  represent the transfer impedance 
between the respective buses in the network and Zmm signifies 
the driving point impedance at the point of connection of the 
new generator.   The representation shown in (1) allows the 
calculation of network fault behaviour in terms of the 
configuration of the original network while also highlighting 
the impact of generator.  
IV.  CALCULATION OF FAULT PARAMETER VARIATION 
Although network fault behaviour is characterized by both 
fault currents and the subsequent voltage disturbances 
produced, the full theoretical development of the techniques 
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for assessing the impact of generator design on network fault 
behaviour will be illustrated for fault current only.  The 
expressions describing the behaviour of the remaining fault 
parameters can be determined from this example derivation. 
A.  Fault current variation 
The fault current produced by a bolted balanced three-phase 
fault at bus k in a power system is given by: 
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k
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VI )0(=  (2) 
where Vk( )0  designates the pre-fault voltage at bus k.  The 
fault current produced in the modified network with new 
generator of fault impedance ZG is calculated as shown in (3). 
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The format of this expression is directly comparable with the 
PZ form of a transfer function as described in [8] given by: 
 ( ) ( )( ) ( )( )( ) ( )m
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21  (4) 
Although the precise fault behaviour of the modified 
network is controlled by the specific fault impedance of the 
new generator, the configuration of the original network places 
certain limitation upon the possible variation in fault 
behaviour.  These constraints are summarized by the positions 
of the complex zero and pole given by Zg = − Zmm and 
Zg = − ( )Zmm−( )ZkmZmk /Zkk  respectively, which are defined by 
the configuration of the original network to which the new 
generator is attached and its point of connection.  It is then 
possible to determine the potential variability in network 
fault behaviour produced by the new generator from the 
position and relative separation of these break points only. 
The relationship between generator design and network 
break point position is illustrated in Fig 3 
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Fig 3 Relationship between generator design and break point positions 
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 In a realistic, established power system it is expected that 
the break points limiting fault current variation would be 
confined to the 2nd or 3rd quadrants of the complex impedance 
plane.  Similarly, under balanced conditions, the impedance of 
the new generator would generally consist of both positive 
resistance and reactance. 
The magnitude of the fault current produced in the modified 
network is determined by: 
 T(s)  = 
Vk(0)
 Zkk
 
distance from complex zero to Zg
 distance from complex pole to Zg
 (5) 
From Fig 3 the increase in fault current can be calculated as: 
( ) ( )
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where ∆ and φ∆ represents the magnitude and argument of the 
vector from the zero to the pole respectively.  If different fault 
locations are considered for a common point of generator 
connection, then the potential range of the fault currents that 
can be produced at each fault locations can be estimated from 
the difference vector given by: 
 ( ) ( ) kkmkkmmmkkmkkmmm
If
ZZZZZZZZ
zeropole
=−−−−=
−=∆
)(
 (7) 
The term, ∆If, or the “current sensitivity factor” describes 
the extent of the range of fault currents, measured with respect 
to the fault performance of the original network, that can be 
produced for all realistic designs for the new generator.  A 
large value of ∆If implies that for certain generator designs the 
fault current in the modified network may be significantly 
different from the corresponding behaviour of the original 
network, while a small value would suggest that for the given 
point of generator connection, network fault behaviour is 
insensitive to generator design.  The “current sensitivity 
factor” also describes the extant to which the design of the new 
generator controls the network behaviour for a given fault 
position.  The accuracy of the relationship is reliant upon the 
assumption that the argument of ∆If is approximately equal to 
the argument of the driving point impedance at the point of 
connection of the new generator Zmm, otherwise the potential 
variability will be somewhat inflated. 
The relationship between the network break points and fault 
current variability for the simplified case in which all elements 
of the power system are assumed to be purely reactive is 
shown in Fig 4.  The position of the complex pole is fixed for a 
common point of generator connection.  The range of possible 
fault currents that can be produced by realistic generator 
designs is proportional the separation between the pole and 
zero, defined by the magnitude of ∆If.   
The argument of ∆If also provides an indication of the 
general trend in fault current variation.  If the argument of ∆If  
is between 0° – 90°, it would indicate that the pole was closer 
to the origin of the complex impedance plane and that the 
magnitude of fault current would decrease as the generator 
impedance were increased within realistic values of generator 
design 
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Fig 4 Relationships between pole/zero separation and fault current variation 
 
The magnitude of the network poles and zeros will provide 
an approximate measure of the critical values of generator 
fault impedances between which the fault behaviour of the 
network is far more sensitive to changes in generator design.  
Variation in generator design outside this range will have only 
limited impact upon fault behaviour.  This does not imply that 
the exact fault behaviour is unchanged from that of the original 
network, only that network behaviour will be fairly insensitive 
to further changes in generator impedance. 
 
    1)  Normalised sensitivity factor 
The technique outlined above is limited to comparison of 
the variation in fault current produced at different fault 
locations for a fixed position of the new generator.  By 
recognizing however that the maximum variation in fault 
current can be produced by a fault occurring at the terminals of 
the new generator it is possible to normalise the current 
sensitivity factor and remove this dependency upon generator 
position.  The maximum separation between the break points is 
determined by the Thevenin’s impedance at the point of 
connection of the new generator.  A normalised current 
sensitivity factor can be then be defined by: 
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For a fault at point k, the current produced can be expressed 
in terms of the normalised current sensitivity factor as: 
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This not only allows direct quantitative comparison of the 
potential fault variation that can occur for all combinations of 
generator position and fault location, but also allows the 
identification of the fault locations at which fault current is 
highly dependent upon the design of a given generator.  The 
accuracy of the relationship between potential fault current 
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 variation and ∆If can be checked by considering the argument 
of ∆’If.  Provided this value is within ±20° then the magnitude 
of ∆’If will be a good estimate of the potential variation in fault 
current for realistic values of generator impedance.  
 
    2)  Estimated fault current variation 
The normalised current sensitivity factor can be used to 
derive a direct numerical estimate of the potential fault current 
variation possible for the range of realistic generator fault 
impedances rather than relying upon purely comparative 
measures.  By assuming that the maximum fault current is 
produced when the new generator is replaced by a short circuit 
the potential variation in fault current can be determined with 
respect to this assumed maximum and defined numerically. 
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The accuracy of this estimate will depend upon the placement 
of the network pole.  If the pole is located in the second 
quadrant then (10) will underestimate slightly the potential 
variation in fault current. 
B.  Voltage disturbance variation 
The variation in voltage disturbance produced at bus l by 
the incidence of the balanced three-phase fault at bus k can be 
considered in a similar manner to that applied to fault currents 
In the original network, the voltage disturbance produced on 
bus l by a balanced three-phase fault at bus k is given by (11). 
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This expression can be expanded into the more useful form of: 
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The variation in voltage disturbance produced at bus l is 
then determined by the impedance of the new generator 
connected to the original network at bus m although the 
variation is constrained by the positions of a complex zero and 
pole specified by Zg = − ( )Zmm− ( )ZlmZmk /Zkl  and 
Zg = − ( )Zmm− ( )Zkm − Zmk /Zkk   respectively.  A “voltage 
sensitivity factor” can then be determined as is shown in (13). 
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The magnitude of the voltage sensitivity factor, |∆dV|, defines 
the potential divergence in voltage disturbances produced at 
bus l in the modified network, measured in proportion to the 
corresponding disturbance produced in the original network.  
The addition of a new generator will generally reduce network-
wide voltage disturbances when compared with the behaviour 
of the original network, although as the argument of ∆dV is 
usually within 180° – 270° it is expected that the reduction in 
voltage disturbances will become less pronounced for 
increasing fault impedance of the new generator. 
 
    1)  Normalised sensitivity factors 
The voltage sensitivity factor must also be normalised to 
remove its dependency on generator placement.  The 
maximum voltage disturbance produced by a given point of 
generator connection and fault location will be developed on 
the terminals of the new generator.  This corresponds to a 
voltage sensitivity factor given by: 
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The normalized voltage sensitivity factor can then be 
determined according to equation (15) and is given by:  
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This allows quantitative comparisons of the potential 
variability in voltage disturbance throughout the network for 
all possible generator and fault locations.  Points in the 
network where generator connection may be more appropriate 
if the change in voltage disturbance at critical locations in the 
original network is to be limited can then be identified. 
 
    2)  Estimated voltage disturbance variation 
It is also possible to develop expressions for estimating 
numerically the potential variation in voltage disturbance 
throughout the network for different generator positions/fault 
locations.  The voltage disturbance produced at bus l can be 
defined using normalised sensitivity factors as shown below.   
. 
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It is assumed that the minimum voltage disturbance is 
produced when the new generator has infinitely small fault 
impedance.  By comparing this figure of merit with the voltage 
disturbance produced in the original network it can be 
concluded that the largest possible reduction in network 
voltage disturbance at bus l in the modified network can be 
approximated by the magnitude of the expression ( )1-∆If' , 
which is dependent upon only the position of the new 
generator and the fault location.  For example, a normalised 
current sensitivity factor of 0.5 would imply that the smallest 
voltage disturbance that could be produced at point l in the 
modified network would be 50% of the corresponding voltage 
disturbance in the original network. 
V.  RESULTS 
The effectiveness of the techniques developed was verified 
using results obtained from the simulation of a 600-bus 
realistic transmission system with the power systems analysis 
software PSS/E.  Rather than considering the addition of a new 
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 generator, the techniques were used to determine the degree of 
control that each existing generator exerted over fault 
performance by assuming that original network configuration 
was that produced when the generator of interest was removed 
from the complete power system.   
The degree of control exerted by a given generator was 
determined from calculation of both normalised sensitivity 
factors and estimated fault parameter variations for all possible 
fault locations at each of the 60 possible generator locations.  
These calculated values were then compared with the variation 
in network-wide fault performance obtained from simulation 
results as the reactance of the generator of interest was varied 
from 10% to 1000% of its nominal fault impedance.  Good 
correlation with magnitudes of (0.85) – (0.99) was observed 
between the calculated values of sensitivity factor and the 
variation in fault behaviour observed in the simulation.  
Similar correlation was attained between simulation results and 
the estimated numerical values of fault parameter variation. 
The comparison of the simulation results and the calculated 
sensitivity factors and estimated fault parameter variation are 
illustrated in Figs 5 – 8.  The results shown are representative 
of the simulation results from all generator locations, and the 
large physical separation of the two generators ( ) > 1000 km  
ensures that relationships reflect network-wide behaviour. 
A.   Fault current variation 
Fig 5 illustrates the relationship between the calculated 
values of ∆’If  and fault current observed in the simulation 
results as the impedance of the new generator is altered from 
10% – 1000% of the nominal generator design. 
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Fig 5 Comparison of calculated ∆’If with fault current variation in realistic 
transmission system simulated with PSS/E 
 
As predicted, larger values of |∆’If| are associated with 
significant increases in the fault current in the modified 
network.  Fig 5 also allows the direct quantitative comparison 
of network behaviour at all fault locations for either generator 
position, suggesting that certain points in the network,  fault 
behaviour is far more sensitive to the design of the generator at 
bus 455 than that at bus 425.  The common relationship also 
emphasizes the value of the normalization process. 
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Fig 6 Comparison of predicted fault current variation and simulation results 
 
Fig 6 also demonstrates a consistent relationship between 
the estimated numerical ranges in possible fault current 
variations calculated from the relevant values of ∆’If  and the 
simulation results.  The slight disparity between predicted and 
observed variation results from inaccuracies in the validation 
technique used in which only a limited range of generator 
impedances are used to measure fault current behaviour while 
the estimated fault current variation assumes that generator 
impedance is allowed to vary across all possible realistic 
generator design.  Overall, however, these results reinforce the 
soundness of the developed techniques for producing a 
numerical estimate of network-wide variation in fault 
behaviour from the configuration of the original network. 
B.  Voltage Disturbance variation 
The relationship between the calculated values of |∆’dV |, and 
the variation in voltage disturbance in the modified network 
obtained from simulation results is shown in Fig 7 
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Fig 7 Comparison of |∆’dV| and voltage disturbance variation obtained through 
simulation of realistic system 
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 A clear relationships is demonstrated, in which larger values 
of ∆‘dV correspond to increasing reductions in the voltage 
disturbances observed in the modified network.  
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Fig 8 Comparison of estimated variation in voltage disturbance variation and 
simulation results 
 
The consistency of this relationship is emphasized by Fig 8, 
which shows good agreement between the estimated and 
observed numerical reductions in network voltage 
disturbances.  Some limitations in the verification process lead 
to inaccuracies between estimated values and simulation 
results for very large reductions in voltage disturbance. The 
effectiveness of the normalization process is particularly clear 
when it is considered that the points shown on these graph 
encompass a large selection of all possible combinations of the 
fault location and point at which the voltage disturbance is 
being measured.  This information could be used to provide a 
quantitative analysis of the effectiveness of generator 
augmentation/replacement schemes. 
VI.  CONCLUSIONS 
This paper has presented the theoretical development of a 
technique that can be used to determine the potential variation 
in network-wide behaviour under the influence of the bolted 
balanced three-phase fault.  This information will allow a 
quantitative comparison of the potential changes that could be 
produced by the connection of a new generator to an existing 
power system.  While it is acknowledged that the specific 
design of the new generator will determine the precise fault 
behaviour, it is shown that the degree to which the new 
generator controls fault behaviour in the modified network is 
constrained by the configuration of the original network.  
These constraints can be defined quantitatively from the 
separation of the break points of the expressions that describe 
network wide fault behaviour in the new network and are 
summarised by the normalised current sensitivity factor, ∆’If, 
and the normalised voltage sensitivity factor, ∆’dV. 
The effectiveness of the developed technique is illustrated 
by considering results obtained from the simulation of a 
realistic 600-bus transmission network.  These results 
demonstrate that the calculated sensitivity factors provide a 
clear indication of the range of potential variation in network 
fault behaviour that can be produced in the modified network. 
Finally, as the technique is based on linear algebraic 
techniques it is expected that it could be extended to consider 
both unbalanced fault conditions and the simultaneous 
connection of multiple generator.  Future work will be 
concentrated on extending the technique to consider these 
more realistic scenarios. 
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